We conducted fl ume experiments to investigate the nature of knickpoint and bedrock channel longitudinal profi le evolution for a channel reach underlain by a vertically bedded substrate of alternating resistance. This research was motivated by the presence, behavior, and apparent persistence of impressive knickpoints formed in steeply dipping or steeply foliated bedrock in Atlantic slope drainages of the Appalachian Mountains. The experiments were carried out in a 10-m-long wooden-box fl ume fi lled with a very fi ne-to medium-grained sand alluvial substrate and a single, 30-cm-wide ridge of vertically oriented, lacustrine siltclay varves designed to simulate a bedrock channel reach. Numerous control experiments established a stable meandering channel form and transport gradient, from which knickpoints were produced by a single, instantaneous base-level fall at the channel mouth. Knickpoint evolution in the alluvial material downstream of the bedrock reach was dominated by inclination of the knickpoint face; this resulted in a rapid transition from a waterfall at the point of base-level fall to a broad, convex zone spanning the entire lower alluvial channel reach. A waterfall and plunge pool reformed at the contact between the lower alluvial reach and the simulated bedrock ridge where the knickpoint shortened and steepened. The knickpoint then migrated upstream through the bedrock reach by a combination of parallel retreat and vertical channel incision. The knickpoint evolution process resulted in the formation of upstream-dipping strath terraces, an uncommon landform possibly present in the Holtwood Gorge of the Susquehanna River. As base-level fall effects were transmitted to the alluvial channel above the bedrock reach, a complex channel response, accompanied by pulses of sediment, alternately buried and excavated the bedrock reach. These results illustrate the complex behavior associated with knickpoint evolution, the unsteadiness of the bedrock channel erosion process, and the signifi cant lag times that may exist in natural fl uvial systems that are in the process of adjusting to base-level fall.
INTRODUCTION
Knickpoints and knick zones are steep reaches in river longitudinal profi les that typically form in bedrock channels in response to a base-level fall ( commonly convex or vertical reaches, in the extreme case of waterfalls, that interrupt the typically concave profi les of graded rivers where fl uvial erosive power is maximized by the steep channel gradients. The local steepening associated with knickpoints concentrates fl uvial erosive energy, resulting in changes to the form of the stream; abrasion, plucking, pothole formation, and cavitation lower the channel and cause upstream retreat and vertical down-wearing of the knickpoint face (Hancock et al., 1998) . The temporal and spatial scales of retreat and incision depend on the type of channel perturbation that generates the knickpoint, the overall rate of fl uvial incision, which tends to be highly correlated to the rate of rock uplift, the overall resistance of the underlying rock type, and channel bed erosion processes (Whipple, 2001) . Gardner (1983, and references therein) identifi ed three end-member scenarios for knickpoint behavior in a homogeneous, horizontally bedded substrate of variable resistance: (1) inclination, which occurs either by rotation of the knickpoint about the mid-point or base of the originally vertical knickpoint face (Figs. 1A and 1B); (2) parallel retreat, where the face of the knickpoint migrates upstream while remaining vertical (Fig. 1C) ; and (3) replacement, in which the knickpoint wears down vertically just upstream of the lip while reclining in an upstream direction from a fi xed position at its base (Fig. 1D) . In all cases, the process controlling these three knickpoint evolution pathways is a function of the critical shear stress (τ c ) on the channel fl oor that is needed for erosion to take place, fi xed by the substrate, and the actual shear stress (τ o ) acting on the exposed bedrock (Gardner, 1983; Schumm et al., 1987; Leopold et al., 1992) . Rotation occurs when τ c << τ o in a homogeneous nonresistant substrate (Fig. 1A) . Relaxation will take place when τ c >> τ o upstream of the knickpoint and τ c < τ o at the knickpoint face in a highly resistant, homogeneous substrate (Fig. 1A) . In the case of a horizontally layered substrate of resistant and nonresistant beds where τ c > τ o in the resistant layers and τ c << τ o in the nonresistant layers, undercutting of the face occurs, which allows the knickpoint to migrate upstream through parallel retreat (Fig. 1C) . This scenario is only favored in the case where a hard cap rock overlies a nonresistant layer, such as Niagara Falls (Tinkler et al., 1994) . The fi nal case of replacement occurs when τ c < τ o in a homogeneous, moderately resistant substrate (Fig. 1D) .
While Gardner's (1983) model describes the evolution of knickpoints in homogeneous or horizontally bedded substrates, it does not directly address the effects of vertically bedded or foliated bedrock. This study focuses on the effects of steep bedding on knickpoint formation and evolution, a condition pertinent to the impressive knickpoints in Atlantic slope channels (Reed, 1981) where steeply bedded or foliated substrates are common.
KNICKPOINTS AND THE APPALACHIAN LANDSCAPE
The Appalachian landscape is dissected by bedrock channels where the long-term rates of river incision and landscape erosion range from 5 to 50 m/m.y., with an average rate of ~20 m/ m.y. (Fig. 2 ; Poag and Sevon, 1989; Sevon, 1989; Hulver, 1997; Springer et al., 1997; Conrad and Saunderson, 1999; Mills, 2000; Matmon et al., 2003; Ward et al., 2005) . At the drainage-basin scale, south of the glacial boundary, Appalachian rivers are generally well adjusted to rock type and structure and have formed graded, concaveup longitudinal profi les within broad, long strike valleys in relatively soft rocks, parallel to fold axes, or along dominate joint orientations. Similarly, at shorter reach scales, as in the case of tight meander loops, channels are controlled by bedding, foliation, or related structures of the bedrock (Braun, 1983) . Nevertheless, Appalachian drainages also exhibit impressive examples of landscape disequilibrium in the form of locally steeper reaches, which can range from steep waterfalls in the middle of otherwise graded valleys to the broad convexities of major rivers that fl ow perpendicular to the prevailing structural grain of the orogen across steeply dipping or foliated rocks (Fig. 3) , such as the Susquehanna, Potomac, and James Rivers as they carve gorges across the Piedmont and Fall Zone ( Fig. 2 ; Reed, 1981; Pazzaglia et al., 1998 ). An important goal of this study is to understand the distribution and form of Appalachian knickpoints by investigating the knickpoint erosion processes acting on hard, but variably resistant substrates. Our experiments were inspired by two Appalachian knickpoints that have contrasting size but are underlain by resistant substrates with similar bedding characteristics. The Ridge and Valley Province west of the Blue Ridge in southwestern Virginia (Fig. 2) is underlain by steeply dipping Ordovician carbonates with local valley relief of ~30 m (Harbor et al., 2000) . The South River is an incised strike-valley stream that drains this portion of the Great Valley southwestward into the Maury River, a main tributary of the James River (Fig. 2) . Tributaries of the South River, such as Moores Creek, fall off the Great Valley upland as steep, 50-m-high knickpoints that, at the reach scale, are constructed of individual waterfalls with up to 30 m of local relief (Figs. 3A and 4) . Upstream of the waterfalls, Moores Creek fl ows for ~0.5 km through a step-pool sequence before the channel gradient diminishes and the valley widens (Figs. 3A and 4). The only obvious structural control on the position of these knickpoints is that they commonly coincide with more resistant, steeply bedded substrates. The longitudinal profi le form that we wish to draw attention to here is the broadly convex shape punctuated by shorter, nearly vertical segments (Fig. 3A) .
Similarly, but on a much larger scale, the Susquehanna River at Holtwood Gorge, Pennsylvania, descends ~20 m over ~10 km (gradient = 0.002) within a narrow, 200-m-deep bedrock gorge 40 km upstream from the Chesapeake Bay tidewater (Figs. 3B and 5) . Here, the channel is marked by elongate islands with smooth, rounded tops that defi ne a crude summit surface that merges with the channel upstream (Fig. 6) . Holtwood Gorge is formed in the Ordovician Wissahickon Schist, a resistant, chlorite-muscovite-garnet schist with a well-developed foliation that dips steeply west (upstream). This lithology underlies many of the rivers fl owing over the Pennsylvania Piedmont. As in the case for Moores Creek, there is no obvious structural control for the location of the Holtwood Gorge knickpoint, which is a very steep feature embedded in an overall broadly convex longitudinal profi le (Fig. 3B) . Moores Creek and the Holtwood Gorge of the Susquehanna River (Figs. 4 and 5) are two of many examples of knickpoints that have formed on steeply dipping substrates in Appalachian drainage systems. In fact, many such cases exist along the eastern fl ank of the Appalachian Mountains where knickpoints are present as channels cross resistant substrates, as is the case for the Potomac and James Rivers (Reed, 1981) .
Previous work by Miller (1991) is particularly pertinent to our approach because it addresses the issue of lithologic controls on knickpoint evolution in response to base-level fall of the Ohio River. The bedrock in the study by Miller (1991) is relatively fl at lying; however, it contains many vertical fractures that introduce an anisotropy that differs between the carbonates and siliciclastics. Miller et al. (1990) and Miller (1991) showed that knickpoint frequency and distribution can be controlled entirely by bedrock parameters; a single episode of base-level fall can result in multiple knickpoints rather than the traditional view that clusters of knickpoints in this landscape have formed in response to climate-driven river incision (Gooding, 1971) .
Our study aims to test the general conclusions of Miller (1991) Appalachian knickpoint behavior. The goal is not to replicate any specifi c location in the Appalachians but rather to use conditions observed in this landscape as boundary characteristics for our model. We accomplish this using an experimental channel in a fl ume, not scaled specifi cally to natural systems but designed in similar fashion to previous baselevel fall analogue models (Begin et al., 1981; Gardner, 1983; Schumm et al., 1987) to mimic a steeply dipping, resistant lithology representative of the fi eld conditions observed along both Moores Creek and the Susquehanna River, among other Appalachian rivers.
METHODS
The experiments in this study were motivated by the presence of spectacular knickpoints developed in reaches of vertically dipping bedrock in rivers draining the Appalachians. As such, our experiments were designed so that we observed the spatial and temporal behavior of knickpoints as they migrated upstream through a section of channel underlain by alternating resistant and nonresistant, vertically dipping beds, similar to many Appalachian streams. We fi rst ran control experiments in a purely alluvial channel to determine the most stable confi gurations of discharge and channel slope. After an acceptable combination of these two variables was determined, we emplaced a reach of bedrock in the otherwise alluvial channel system. Again, a control run was completed so that the channel equilibrated to the addition of the bedrock reach. Once a stable, meandering pattern was established, base level was lowered and the channel was allowed to adjust to its new boundary conditions.
Experimental Apparatus
We used a fl ume that was 10 m long and 1 m wide ( the stream fl owed, which allowed a delta to form in the process. A wooden plank at the front of the fl ume was raised or lowered in order to change base level by adjusting the maximum height of water in the pool (Fig. 7A) . Water fl owed from a constant-head tank into a hose (Fig. 7A) . From the hose, the water continued through a fl ow diffuser made of gravel and into the head of the channel (Fig. 7A) . The channel consisted primarily of very fi ne-to medium-grained sand (grain size = 100-500 μm). A cohesive ridge of varved lacustrine sediments, collected from Pleistocene proglacial lake sediments in Tioga County, Pennsylvania, served as a proxy for the vertically bedded or foliated bedrock present both at Moores Creek and Holtwood Gorge (Fig. 7B) . The varved sediments were set into the fl ume, stretching from side wall to side wall, forming a 30-cm-long reach such that the 1-2-mm-thick alternating beds of clay and silt dipped vertically and had a strike perpendicular to the stream-fl ow direction.
The alternating clay and silt varves were a suitable proxy for bedrock in our experiments because they are more resistant to fl uvial erosion than the sand underlying the rest of the channel system. However, the varves were not so resistant that the experiment had to run for a prohibitively long period of time in order for the stream to incise and the knickpoint to evolve through the simulated bedrock reach. The varves also made for a relatively simple way to reproduce heterogeneous, vertically dipping sedimentary bedrock of variable resistance at a reasonable experimental scale.
We measured channel longitudinal profi les throughout the stream stabilization and baselevel fall experiments. The longitudinal profi les were determined by measuring the depth to the channel bottom from cross-pieces attached to the fl ume walls above the channel that remained at a constant height throughout the experiments (Fig. 7A) . Measurement spacing varied from 0.5 to 2.4 m. A meter stick with an estimated precision of ±2 mm was used to make the measurements. Our goal here was not to model longitudinal profi le gradients precisely, but rather to observe the large changes in channel incision and knickpoint evolution process. Therefore, given the total relief of 10 cm or more from the channel head to the delta, our measurement method provided the appropriate precision.
Control Runs
We could not adjust the gradient of our fl ume by tilting it during an experiment. Therefore, we performed a series of control runs to determine the optimum combination of discharge and channel slope so that a stable channel could be established for the prevailing grain-size distribution. We defi ned a stable channel as one with slowly sweeping meanders, nonslumping banks, and minimal sediment transport. We for ~30 h, at which point, base level was lowered by 6 cm, causing a new, stable, albeit incised, channel to develop. Following another ~30 h of constant discharge and base level, the fi nal channel had a full-length-fl ume channel slope of 0.017. The purpose behind these experiments was to determine how a purely alluvial channel would respond to a drop in base level for comparison with a channel system including a bedrock reach. We took this channel gradient to be the stable form that served as the starting point for the base-level fall experiments inclusive of the bedrock reach. For the bedrock incision experiments, we buried the ridge of varved lacustrine sediments 1.0 m upstream of the channel mouth (before delta progradation), excavated a 25-cm-wide, 2-cm-deep, artifi cially cut valley to allow for a contiguous channel (Fig. 7B) , and covered the simulated bedrock reach with a thin, ~1-mmthick veneer of alluvium. We then directed water back into the channel, which evolved under stable base level and discharge conditions for ~30 h. We refer to this part of the experiment as the stabilization phase. Upon establishment of a stable channel that was fully integrated across the bedrock reach, base level was dropped 6 cm at the channel mouth, causing a knickpoint to form and setting up the conditions for observing fl uvial modifi cation of the bedrock channel.
RESULTS

Channel Stabilization
We noted three responses during the stabilization phase: (1) the bedrock reach deepened overall by ~2 cm, (2) pulses of sediment from the upper alluvial channel made their way through the bedrock reach, resulting in channel incision and subsequent aggradation (Fig. 8) , and (3) delta lobe switching resulted in minor base-level fl uctuations, none of which produced knickpoints that migrated upstream to the bedrock reach. The combination of deepening and upstream sediment pulses produced a narrow inner channel fl anked by broad, fl at strath terraces (Figs. 9A and 9B) . Also accompanying the incision of the bedrock reach was a shallow plunge pool that formed at the downstream interface between the bedrock and alluvial reaches (Fig. 9C) . In addition, small episodes of alluvial aggradation and excavation occurred along the bedrock reach after the formation of an inner canyon (Figs. 9D and 9E ).
Base-Level Fall with a Simulated Bedrock Reach
Following the establishment of a stable, meandering channel, base-level was instantaneously lowered by 6 cm, and the system was left to respond for ~28 h (Fig. 10 ). This drop in base level was meant to serve as an analogue for the case of eustatic fall at the Appalachian Fall Zone (Fig. 2) in eastern North America during sea-level lowstands, which caused rivers to both lengthen their channels and incise across an emergent continental shelf (Schumm, 1993; Genau et al., 1994 ). Immediately upon base-level fall, a knickpoint formed at the channel mouth because the slope of the delta front exposed by the base-level fall was steeper than the channel slope upstream. The knickpoint propagated rapidly upstream through the lower alluvial channel reach by inclination, covering the 1 m distance between the delta mouth and the simulated bedrock in <1 min (Figs. 1 and  11A) . Upon arrival at the bedrock ridge, the knickpoint immediately steepened, regained its vertical face, and formed a deep plunge pool at the downstream bedrock-alluvium interface (Fig. 11B) .
The knickpoint then propagated through the bedrock reach by a combination of vertical incision of the bedrock fl oor and parallel retreat of the knickpoint face. The parallel retreat process was unsteady in the sense that the more resistant clay layers impeded face retreat until undercutting in the plunge pool exposed the adjacent silt layer, causing mass failure and upstream migration of the knickpoint face. At the same time, abrasion and plucking vertically lowered the channel fl oor upstream of the knickpoint face when the bedrock channel fl oor was exposed (Fig. 11C) . The bedrock canyon became incised and narrowed from its initial width of 25 cm to 8.25 cm. The alluvial channel upstream of the bedrock reach was transformed into a series of pools and riffl es atop a broad channel convexity (Figs. 11D and 12) . The development and subsequent excavation of the pools sent pulses of sediment downstream, causing episodic cut and fi ll cycles and resulting in several episodes of burial and re-excavation of the bedrock reach (as in Figs. 9D and 9E) . While buried by alluvium, no incision of the bedrock reach took place, and the channel was completely alluvial from head to mouth. During times of gorge excavation, bedrock channel incision resulted in gently upstream-dipping bedrock strath terraces ( Fig. 11E) . The fi nal channel gradient with the simulated bedrock reach was 0.015, similar to the gradient of 0.017 attained during the control runs in the purely alluvial channel (Fig. 13) .
DISCUSSION
Knickpoint Evolution
The knickpoint in our experiment followed an evolutionary pathway generally consistent with the process of replacement proposed by Gardner (1983) . Replacement requires both vertical lowering of the bedrock channel bottom and upstream migration of the knickpoint face. Erosion in the plunge pool alternates between slow removal of the resistant clay layers and rapid undercutting of the soft silt strata. The undercutting process, in particular, effi ciently removes material from the knickpoint, thereby allowing the knickpoint to maintain a steep face. At the same time, abrasion and plucking on the exposed bedrock channel fl oor drives vertical incision, a process that works to reduce the height of the knickpoint face. It is possible that microrelief between the silt and clay laminae protruding up from the bedrock channel fl oor enhances the plucking process acting upstream of the knickpoint. Pieces of the simulated bedrock were observed to break off into the stream fl ow, suggesting that the process of plucking enhanced vertical incision through the bedrock reach during our experiments.
Other erosional processes, such as wave action in the pool at the mouth of the fl ume and groundwater sapping, were negligible and did not generate any additional knickpoints throughout the base-level fall run. Delta aggradation outpaced wave erosion. Furthermore, no features consistent with erosion by groundwater sapping (e.g., head scarps, etc.) were observed during the experiment. The low permeability of the silt and clay layers in the simulated bedrock reach of our fl ume would have made it nearly impossible for such processes to occur in this portion of the channel.
The experiments resulted in a broadly convex longitudinal profi le punctuated by steep, nearly vertical knickpoints (Figs. 8 and 10 ). In this way, the experimental results reproduced a longitudinal profi le common to many Atlantic slope drainages ranging in scale from Moores Creek to the Susquehanna River (Fig. 3) . Given that both in the fl ume and in the Appalachian landscape, the steepest knickpoints were restricted to those regions characterized by resistant, vertically bedded substrates, we conclude that this particular channel confi guration imparts a dominant control on knickpoint behavior and evolution. The observed replacement process differs specifi cally from the Gardner (1983) example in that the knickpoint face remained more or less vertical, which led to the formation of a peculiar landform as the knickpoint migrated up-channel. Although we do not have rate data to directly support the following argument, we do base it on qualitative observations of the knickpoint behavior. We fi rst envision a case where vertical bed lowering occurs at a rate similar to, or faster than, the rate of parallel retreat. In this scenario, the knickpoint lip will lower in elevation as it moves upstream (Fig. 14) . The result will be a strath terrace carved into the wall of the gorge that dips upstream and is time-transgressive; the downstream portion is higher and older than the upstream portion, which is zero age where it merges with the active channel (Fig. 11E) . In contrast, we envision a second case where downstream-dipping straths form when the parallel retreat component of knickpoint replacement does not maintain a vertical face and outpaces the vertical lowering of the bedrock channel fl oor upstream of the knickpoint (e.g., Gardner, 1983) . For the case of parallel retreat resulting from a resistant cap rock overlying a more easily erodible substrate (Fig. 1C) , where the knickpoint face remains vertical, upstream-dipping strath terraces would not be expected because the amount of vertical incision would be negligible compared to the rate of upstream migration of the knickpoint face.
Our documented case of upstream-dipping straths complements the Gardner (1983) classifi cation by adding a fourth scenario to the general behavior of knickpoints. The results presented here suggest that it is the vertical bedding in the simulated bedrock reach that plays the key role in maintaining a steep knickpoint face and slowing the rate of knickpoint retreat such that it is commensurate with the rate of vertical channel incision. Our experiment differs from that of Gardner (1983) in that the substrate used was laterally heterogeneous owing to the vertical interbedding between the relatively resistant clay laminae and more easily erodible silt layers. This bedding geometry did not modify the shear stresses acting on the bedrock channel fl oor; however, it may have signifi cantly infl uenced the critical shear stress in the plunge pool at the base of the knickpoint. Although outside the scope of this study, future investigations employing a numerical model with a shear stress or stream power erosion rule would be well suited to further quantify knickpoint behavior similar to what was produced by our analogue model.
Upstream-dipping straths in the fl ume experiment are reminiscent of the upstream dip of island summits through Holtwood Gorge, which suggests that a replacement process similar to the one we observe in our model has shaped the formation of this major knickpoint on the Susquehanna River (Figs. 6 and 11E ). There is a noteworthy lack of documentation of upstreamdipping straths in the literature, aside from those that have been tectonically tilted. Holtwood Gorge presents a special case where terraces are particularly well preserved, and the vertical and horizontal rates of knickpoint evolution are delicately adjusted to favor formation of upstreamdipping straths. The fact that similar landforms have not been described for other rivers argues that they are either very rare, or perhaps they have not been recognized. The latter possibility is intriguing because it demands that our results be tested by further experimentation and fi eld observations. In doing so, classic downstreamdipping strath correlations should be critically challenged given that we have demonstrated a process capable of generating an alternative terrace geometry. The precise correlation of island tops through Holtwood Gorge remains open to interpretation; however, recent cosmogenic nuclide surface exposure ages of at least one upstream-dipping strath terrace, which merges with the modern channel, clearly show a trend that becomes younger in the upstream direction (Reusser et al., 2006) .
Complex Channel Response
In both Appalachian drainages and in our fl ume experiments, step-pool-like features form upstream of the main bedrock knickpoint (Figs. 4B and 11D ). These small perturbations to the channel morphology over relatively long distances act in concert with the large knickpoint to transmit the base-level fall signal from the mouth of the catchment to its headwaters. Alternatively, the features observed in our experiments could be bed forms that developed in response to the high sediment load upstream of the bedrock reach. Once formed, the steppools form a broad convexity in the channel (Fig. 12) . Eventually this portion of the channel becomes oversteepened, and the channel is forced to incise (Fig. 12) . The result of this incision is downstream transport of large sediment pulses (Figs. 9D and 12 ). This episodic sediment delivery occurs rapidly at fi rst, and the frequency of these sediment pulses quickly decays as the channel adjusts to its new base level (e.g., Schumm and Rea, 1995) . As a consequence, the bottom of the bedrock gorge being carved in our experiment was periodically covered by sediment, which would subsequently be excavated as the channel continued to respond to the base-level fall (Figs. 9D and 9E) . During times of sediment cover in the bedrock canyon, there was no parallel retreat or vertical incision. Upstream knickpoint retreat could therefore only take place when the canyon was devoid of sediment.
Our results complement recent studies providing evidence for rapid, recent channel incision for both the Holtwood Gorge on the Susquehanna River and Mather Gorge-Great Falls on the Potomac River (Reusser et al., 2004) . Knickpoint erosion in the fl ume was unsteady both in response to the variable resistance of the vertically dipping strata as well as the complex sediment response that periodically covered the bedrock channel with alluvium. The overall incision rates of Atlantic slope channels are slow and commensurate with the long-term rates of Appalachian unroofi ng (Poag and Sevon, 1989; Sevon, 1989; Hulver, 1997; Springer et al., 1997; Conrad and Saunderson, 1999; Mills, 2000; Matmon et al., 2003; Ward et al., 2005) . However, there are brief periods of time, such as the past 20 k.y., when the channel beds are exposed and hydrologic conditions favor rapid knickpoint erosion processes (Reusser et al., 2004 ).
CONCLUSIONS
Our base-level fall experiments highlight the processes by which knickpoints evolve and migrate upstream in a bedrock channel with a steeply dipping substrate of alternating resistant and nonresistant layers. Furthermore, our results suggest the addition of a fourth class to Gardner's (1983) base-level fall in our fl ume illustrates that both vertical incision upstream of the knickpoint as well as parallel retreat of the knickpoint face occur as a base-level fall signal is transmitted through the system. The knickpoint in our experiment evolved through a replacement process where the knickpoint face remained steep, but its upstream-retreat rate was similar to the rate of vertical channel bed lowering above the knickpoint lip (Fig. 14) . This behavior is attributable to the vertical orientation of alternating resistant and nonresistant beds and is also responsible for the formation of upstream-dipping terraces (Fig. 14) . The resulting longitudinal profi le form is broadly convex and punctuated by nearly vertical knickpoints. This fl ume-generated longitudinal profi le mimics those common for Atlantic slope drainages ranging in scale from Moores Creek (12 km long) to the Susquehanna River (400 km long). Knickpoint evolution processes infl uence drainage-basin-scale erosional response to base-level fall. In the Appalachians, where base-level fall is driven by slow, steady isostatic rise of the orogen in response to unroofing and late Cenozoic eustatic fall (Pazzaglia and Gardner, 1994) , steady exhumation is expected for those drainages where knickpoints evolve through a replacement process such as the one observed in our experiment. Hillslope and fl uvial gradients are likely to be uniform and erosion rates steady in these landscapes. In contrast, when a parallel retreat process dominates, erosion and landscape response times are rapid at, and just below, the knickpoint, where stream gradients and hillslopes are particularly steep. Upstream of the knickpoint, the landscape erodes more slowly. Overall, catchments affected by this kind of knickpoint evolution experience unsteady and nonuniform erosion. Additionally, a base-level fall signal may be transmitted by the inclination of a knickpoint into a broad knick zone. In this case, the drainage system will respond to the base-level fall over a large area, albeit more slowly because the signal is dampened and spread over more of the catchment area. As a result, the baselevel fall will affect the landscape over longer periods of time, especially when landscape response times are relatively slow. Emerging data on long-term rates of erosion and exhumation from the Appalachians, and other orogens, should be placed in the context of the processes of knickpoint evolution controlling the pace of landscape erosion as suggested by our experimental data and fi eld observations.
